Transrectal ultrasonography of ovaries was performed each day in non-prolific Western white-faced (n = 12) and prolific Finn ewes (n = 7), during one oestrous cycle in the middle portion of the breeding season (October\p=n-\December), to record the number and size of all follicles \ m=+-\ 3 mm in diameter. Blood samples collected once a day were analysed by radioimmunoassay for concentrations of LH, FSH and oestradiol. A cycle-detection computer program was used to identify transient increases in concentrations of FSH and oestradiol in individual ewes. Follicular and hormonal data were then analysed for associations between different stages of the lifespan of the largest follicles of follicular waves, and detected fluctuations in serum concentrations of FSH and oestradiol.
Introduction
In sheep, the ovulation rate is genetically predetermined and can vary between breeds from approximately one in mainly monovular Merino del Pais (Lopez-Sebastian et al, 1997) and Australian Merino ewes (Campbell et al, 1995) , to approximately two in breeds with a high incidence of twinning, such as the Javanese thin-tail sheep (Sutama et al, 1988) , and to greater than three in prolific breeds, such as the Finnish Landrace and Romanov breeds (Campbell et al, 1995) . There are also specific genes, for example the FecB or Booroola gene, that result in ovulation rates greater than five (Cummins et al, 1983 ). Higher ovulation rates are often accompanied by smaller ovulatory follicles (Driancourt, 1991; Driancourt et al, 1996) and fewer granulosa cells per follicle with less oestradiol production (Avdi et al, 1997) . It has been suggested that increased ovulation rates could be due to a wider window of time for follicle recruitment or an increase in the numbers of follicles recruited (Scaramuzzi et al, 1993) . The physiological regulation of increased ovulation rate is unclear and, although the growth of antral follicles is largely regulated by FSH (Scaramuzzi et al, 1993) , the evidence that increased FSH secretion is responsible for increased ovulation rates is contradictory (Scaramuzzi et al, 1993; Campbell et al, 1995; Fry and Driancourt, 1996; Avdi et al, 1997; Souza et al, 1997) . Souza et al. (1997) , using ultrasonography, showed that ovarian follicular dynamics did not differ between sheep with or without the Booroola gene. However, ovulatory follicles and corpora lutea were smaller in ewes carrying the fecundity gene but serum gonadotrophin and ovarian hormone concentrations did not differ between the prolific and non-prolific ewes.
Early observations on the development of antral follicles in ewes led to the conclusion that follicles begin to grow early in the cycle and then remain in the ovaries to enlarge shortly before ovulation (Hutchinson and Robertson, 1966) . Smeaton and Robertson (1971) reported that there were at least three distinct groups of ovarian follicles beginning to grow synchronously throughout the normal oestrous cycle in ewes. Brand and de Jong (1973) suggested a two-phase model of follicular development in cyclic ewes, with two distinct cohorts of antral follicles beginning to grow at about day 2 and 11 of the cycle. Studies using ink marking of follicles suggested waves of follicle production during the oestrous cycle . Studies using endoscopy and ovarian ultrasonography have revealed that the growth of follicles to > 5 mm in diameter occurs in an orderly fashion, at approximately 5 day intervals, throughout the oestrous cycle in ewes (Noel et al, 1993; Ginther et al, 1995) . However, studies summarized by Lopez-Sebastian et al (1997) , including that of Schrick et al. (1993) , did not find waves of follicle production.
In sheep, the growth of antral follicles is primarily dependent on FSH, and the terminal phase of follicular development, culminating in ovulation, is under the control of LH (Baird et al, 1976; Scaramuzzi et al, 1993; Campbell et al, 1995) . During the ovine oestrous cycle, serum concentrations of FSH increase and decrease at relatively regular intervals (Campbell et al, 1991; Ginther et al, 1995) , and there is a temporal relationship between the emergence of follicular waves (follicles growing from 3 to > 5 mm in diameter) and these transient increases in serum FSH concentration (Ginther et al, 1995; Fry and Driancourt, 1996) .
The aim of the present study was to use daily ultrasound imaging of ovaries to describe and compare the patterns of ovarian antral follicle turnover throughout the oestrous cycle in two breeds of sheep with different ovulation rates (nonprolific Western white-faced and prolific Finn sheep). Particular interest was taken in differences that might explain the mechanism used to increase ovulation rate in prolific sheep. In this respect, attempts were made to correlate alterations in circulating concentrations of FSH and oestradiol, and the development of the largest ovarian follicles.
Materials and Methods

Animals and experimental procedures
Twelve Western white-faced (aged approximately 5 years, average body weight 90 ± 7 kg) and seven Finn ewes (3-4 years of age, average body weight 57 ± 4 kg) were used in the present study during the middle portion of the breeding season (October-December). Western white-faced sheep are largely of Rambouillet Columbia breeding, and the average number of lambs born per ewe is 1.5 ± 0.2 (Rawlings et al, 1987) . The Western white-faced ewes used in this study were nulliparous animals and the Finn sheep had lambed twice. The average number of offspring born per ewe for the Finn sheep was 2.4 ± 0.3. Animals were housed outdoors in sheltered dry lots and fed daily maintenance rations of alfalfa pellets. Water (Ravindra, 1993; Schrick et al, 1993) . Images were displayed at a magnification of 1.5. The number, diameter and relative position of all ovarian follicles > 3 mm in diameter were sketched on ovarian charts. All ovarian images were recorded on high-grade video tapes (Fuji S-VHS, ST-120 N), using a compatible cassette recorder (Panasonic, Super VHS, AG 1970), for retrospective analysis of ovarian data.
Blood samples (5 ml) were collected each day by jugular venepuncture, using vacutainers (Becton Dickson, Rutherford, NJ), and were allowed to coagulate for 18-24 h at room temperature. After centrifugation at 3000 r.p.m. for 15 min, serum was harvested and stored at -20°C for analysis at a later date.
Follicular data summary and analysis
Follicular data (follicles > 3 mm in diameter) were combined for both ovaries. Data from two Western whitefaced ewes were excluded from analyses as they had abnormally long cycles (both 23 days). A follicular wave was defined as one or more antral follicles that grew from 3 to > 5 mm in diameter. The day the follicles were first detected at 3 mm was the day of wave emergence. Groups of follicles emerging within 48 h were regarded as a single follicular wave. For follicular waves in which follicles emerged within 24 h, the day of wave emergence was the day on which the first follicle of the group was detected at 3 mm and, for follicular waves in which follicles emerged within 48 h, the central day was considered the day of wave emergence (see The diameter profiles of individual antral follicles growing to a size of > 5 mm and recorded during the oestrous cycle in four Westernwhite faced ewes (a-d), with accompanying serum concentrations of FSH (middle panels; ) and oestradiol (bottom panels; D). The arrows along the x-axis (top panels; T) denote the days of follicle wave emergence, and the arrows within the upper chart area (<-) indicate the ovulatory follicles on the day before ovulation. L represents a large antral follicle that became luteinized and gradually transformed into a solid luteal structure. The diameters of ovulatory follicles observed at the first ovulation of the interovulatory interval studied are not shown. Asterisks denote the peak values of fluctuations (nadir-to-peak-to-nadir) in circulating concentrations of FSH and oestradiol (the two dashed lines encompass a fluctuation) as determined by the cycle-detection computer program (Clifton and Steiner, 1983) . waves were determined for each ewe: (1) the number of emerging follicular waves; (2) the days of wave emergence;
(3) the number of follicles per wave; (4) the maximum diameter attained by the largest follicle of the wave; (5) the duration of the follicle growing, static and regressing phases as well as a total lifespan of the largest follicle; and (6) the number of days between the emergence of sequential follicular waves (interwave intervals). The growing phase was defined as the time taken by a single follicle to grow from 3 mm to its maximum size; the regressing phase was the time taken by that follicle to regress from its maximum size to 3 mm; and the static phase was the time between the end of the growing phase and beginning of the regressing phase or ovulation. If more than one follicle reached the same maximum size, the follicle that first attained the maximum diameter or remained at its maximum size for the longest period of time was regarded as the largest follicle of the wave. Preliminary inspection of follicular data revealed that 13 out of 17 ewes studied had four waves of large follicle growth per oestrous cycle. Therefore, for each of the end points above, a 4 2 (number of waves breed) factorial analysis of variance was used (General Linear Model procedures in the Statistical Analysis System SAS/STAT®, version 6; 1990, Cary, NC). Comparisons between sequential waves, within the oestrous cycle, and between the two breeds, for each follicular wave, were only performed for the ewes that had four waves per cycle, but an additional analysis was performed in which the data for animals with three or four waves per cycle were combined. The characteristics of ovulatory and non-ovulatory antral follicles (follicles growing to > 5 mm in diameter) emerging in the last follicular wave in Western white-faced ewes and in the penultimate wave in Finn ewes were compared using ANOVA. This was not done for the final wave in Finn ewes as all follicles > 5 mm in the wave ovulated, nor for the penultimate wave in Western white-faced ewes, because only one of ten white-faced ewes had an ovulatory follicle that emerged in the penultimate wave of the cycle.
The daily number of emerging 3 mm follicles that did not grow any larger before regression and of 3 mm follicles that subsequently reached 4 or > 5 mm in diameter were normalized to the day of the first ovulation of the interovulatory interval (day 0), for the period from day -1 to day 15 (the entire growing phase could not be determined for (top panels; T) denote the days of follicle wave emergence, and the arrows within the upper chart area (<-) indicate the ovulatory follicles on the day before ovulation. The diameters of ovulatory follicles observed at the first ovulation of the interovulatory interval studied are not shown. Asterisks denote the peak values of fluctuations (nadir-to-peak-to-nadir) in circulating concentrations of FSH and oestradiol (the two dashed lines encompass a fluctuation) as determined by the cycle-detection computer program (Clifton and Steiner, 1983). non-ovulatory follicles emerging on days 16-17 after ovulation) for ewes in each breed that had four waves of follicle growth per cycle. These data were then analysed for day and breed effects and day-by-breed interactions using multivariate analysis of variance (SAS/STAT®, 1990) . If the main effect of day was significant (P < 0.05), an analysis of variance, and then Fisher's protected least significant difference (LSD) test, were used to compare individual (daily) means within each breed. If there was a significant main effect of breed, or if the day-by-breed interaction was significant, means within each day were compared between breeds by a t test using Statistix® Analytical Software (version 4.1,1997; Tallahassee, FL).
Hormone analysis
Serum samples were analysed by radioimmunoassay for concentrations of LH (Rawlings et al, 1984) , FSH (Currie and Rawlings, 1989) and oestradiol (Joseph et al, 1992) . Data from the two Western white-faced ewes with abnormally long cycles were excluded from analysis. Concentrations of LH and FSH are given in terms of NIAMDD-oLH-24 and NIDDK.oFSH.RPl, respectively. The sensitivities of assays were 0.1 ng ml-1 (LH and FSH) and 1.0 pg ml4 (oestradiol).
The range of standards was from 0.0625 to 8.0 ng ml"1, 0.125 to 16.0 ng ml"1 and 1.0 to 100 pg ml"1 in the LH, FSH and oestradiol assays, respectively. For reference sera with a mean LH concentration of 0.14 or 1.13 ng ml-1, the intra-and interassay coefficients of variation (CV) were 11.3 and 5.0% or 10.1 and 6.9%, respectively. For FSH reference sera with mean concentration of 2.42 or 3.72 ng ml-1, the intra-and interassay CVs were 5.6 and 3.9% or 8.1 and 10.1%, respectively. For oestradiol reference sera with a mean concentration of 9.3 or 18.9 pg ml-1, the intra-and interassay CVs were 15.0 and 10.1% or 16.3 and 10.9%, respectively. Serum concentrations of FSH and oestradiol measured each day from day -1 to day 17 were normalized to the day of the first ovulation of the interovulatory interval (day 0), for ewes of both breeds that had four waves of follicular emergence per oestrous cycle. The main effects of breed, day and the breed-by-day interaction were determined by multivariate analysis of variance.
A cycle-detection program (Clifton and Steiner, 1983 ) was used to identify peaks in the daily serum concentrations of LH, FSH and oestradiol in individual ewes. This program determines the threshold concentrations of the hormone on the basis of the values of intra-assay coefficients of variation or the variation among sample replicates. Concentrations greater than the threshold values are the peak concentrations of a fluctuation. A cycle, or fluctuation, is defined as a progressive increase and decrease in hormone concentrations that encapsulate a peak concentration (nadirto-peak-to-nadir). The following characteristics of detected peaks or fluctuations in serum concentrations of FSH and oestradiol measured each day were determined for each breed: (1) the mean number of peaks per ewe per oestrous cycle; (2) the mean duration of sequential fluctuations; (3) the mean peak concentration; and (4) the mean duration of intervals between peaks of adjacent fluctuations. Analyses of variance were used to compare means between the breeds and within the oestrous cycle for ewes with four follicular waves per cycle.
Follicular and hormonal data were analysed for associations between various stages of follicular wave development (follicles growing from 3 to > 5 mm) and peaks in serum concentrations of FSH and oestradiol. For this purpose, the data for ewes with three and with four follicular waves per cycle were combined. The mean number of identified follicular waves and the mean number of FSH or oestradiol peaks per ewe, per oestrous cycle, were compared using a paired t test. Spearman correlations were done between the durations of interpeak intervals for detected FSH and oestradiol fluctuations and the intervals between adjacent days of follicular wave emergence (interwave intervals). Spearman correlations were also done between the interpeak intervals for FSH and oestradiol fluctuations and the intervals between different phases of the growth of the largest ovarian follicles of successive waves, namely: (1) the day of emergence; (2) the beginning of the static phase;
(3) the end of the static phase; and (4) the end of the regressing phase (regression to 3 mm in diameter). Oestradiol fluctuations appeared to begin around the day of follicle wave emergence. Therefore, the duration of the interval between sequential days of onset of oestradiol fluctuations and the duration of interwave intervals were correlated. The distribution of peaks of FSH fluctuations and the onset of oestradiol fluctuations, over the 2 days before or after the day of wave emergence and on the day of emergence, were determined. Similarly, the distribution of oestradiol peaks within 2 days before and after the day that the static phase of the largest follicle of a wave began was calculated. The distribution of FSH peaks and the onset of oestradiol fluctuations in relation to the days of follicular wave emergence were analysed by chi-squared test. A similar analysis was done for the peak values of the daily oestradiol concentrations and the days on which the largest follicle of a wave reached its maximum diameters.
Results
Oestrus detection and cycle duration
At the first observed ovulation of the interovulatory interval studied, all ewes but one were well marked by rams and one animal was poorly marked. At the second ovulation of the interovulatory interval, all ewes were well marked. Vaginal impedance decreased below 40 in all ewes (mean ± sem 33.2 ± 2.7 and 28.7 ± 2.4 for white-faced and Finn ewes, respectively; > 0.05) on the day they were first marked by rams, at the beginning and end of the oestrous cycle studied. Two Western white-faced ewes had abnormally long interovulatory intervals (both 23 days) associated with a prolonged lifespan of corpora lutea (recorded for approximately 16 consecutive days). Excluding these two ewes, the mean interovulatory interval was 17.0 ± 0.3 and 16.6 ± 0.2 days for Western white-faced and Finn ewes, respectively (P > 0.05). In Western white-faced ewes, the duration of the interovulatory intervals in two ewes with three follicular waves per cycle was 17 and 19 days, respectively and, in ewes with four follicular waves (n = 8), the range was 16-18 days. Finn ewes with three follicular waves per cycle (n = 2) each had 16 day interovulatory intervals and, of the Finn ewes with four emerging follicular waves (n = 5), one animal had a 16 day and four ewes had 17 day interovulatory intervals.
Follicular dynamics
Individual follicle profiles (follicles growing from 3 to > 5 mm in diameter) are shown for four different animals, for each breed (including a white-faced ewe with a prolonged cycle), to illustrate the variations in the number of follicular waves per ewe, follicle size and the number and time of emergence of ovulatory follicles (Figs 1 and 2). The mean ovulation rate was 1.8 ± 0.2 and 2.7 ± 0.2, for Western whitefaced and Finn sheep, respectively (P < 0.05). For ewes with four waves of follicular growth per cycle, follicular data were aligned to the day of first ovulation of the interovulatory interval studied (day 0). When normalized on this basis, a significant main effect of breed (P < 0.01), but not of day or day-by-breed interaction, was seen for mean daily numbers of 3 mm follicles not growing beyond 3 mm in diameter (Fig. 3a ). The Western white-faced ewes exceeded (P < 0.05) Finn sheep in the number of follicles reaching a maximum size of 3 mm each day from day -1 to day 0, day 4 to day 6, day 9 to day 11 and day 13 to day 15 of the oestrous cycle studied. There was no significant main effect of day, breed or day-by-breed interaction on the mean number of 3 mm follicles growing to a maximum diameter of 4 mm before regression per day.
The number of 3 mm follicles emerging per day that subsequently grew to > 5 mm in diameter differed by day (P < 0.01), but there was no significant difference between the two breeds of sheep studied and no significant day-bybreed interaction. Follicles growing to > 5 mm in diameter emerged from the pool of 3 mm follicles on each day of the cycle, except for days 2 and 15 in Western white-faced ewes, and days -1, 7 and 15 in Finn ewes. The number of 3 mm follicles that subsequently reached or exceeded 5 mm in diameter reached peak values on days 1,5, 8,10 and 12 of the cycle in Western white-faced ewes, and on days 1, 6, 8,10,12 and 14 in Finn sheep (Fig. 3b ). Fig. 3 . Mean (± sem) numbers of 3 mm follicles per day (a) reaching a maximum diameter of 3 mm before regression and (b) that subsequently grew up to > 5 mm in diameter in cyclic Western white-faced (n = 8; ) and Finn ewes (n = 5; D) that underwent daily transrectal ovarian ultrasonography for one ovulatory cycle during the mid-breeding season (October-December) and had four waves of follicular growth during the cycle. Follicular data were normalized to the day of first ovulation of the oestrous cycle studied (day 0) and analysed from day -1 to day 15.
Characteristics offollicular waves
A total of 64 follicular waves (follicles growing from 3 to > 5 mm in diameter) was obtained in the present study; 38 waves were identified in cyclic Western white-faced ewes and 26 waves in Finn sheep. The characteristics of follicular waves are given for both breeds (Table 1 ). The data for two Western white-faced ewes with abnormally long interovulatory intervals were excluded. Of ten Western white-faced sheep, two had three follicular waves per oestrous cycle and eight had four waves per oestrous cycle. Two Finn sheep had three waves per cycle and five had four waves per cycle. In all ewes, the last follicular wave of the interovulatory period contained ovulatory follicles. Of all follicles growing from 3 to > 5 mm in diameter in this wave, 77.3 and 100% ovulated, in Western white-faced and Finn ewes, respectively. The penultimate wave of the oestrous cycle bore ovulatory follicles in one white-faced ewe with four waves per cycle and in four Finn sheep (three ewes with four waves of large follicle growth and one with three waves of large follicle growth). In the penultimate follicular wave of the cycle, 8% (1/12) and 50% (6/12) of follicles growing to > 5 mm in diameter were ovulatory in white-faced and Finn sheep, respectively.
The following results are for ewes with four waves of follicular growth per cycle. There was no significant difference in the mean day on which follicular waves emerged between non-prolific white-faced and prolific Finn sheep studied. However, the difference for the last follicular wave (wave 4) approached significance (P = 0.05). The mean number of follicles per wave (1.6 ± 0.1) did not vary among white-faced and Finn sheep or among the four follicular waves for each breed. The maximum diameter attained by the largest ovarian follicle of the wave emerging late in the cycle (wave 4) was greater (P < 0.05) in Western white-faced than in Finn sheep, and the largest follicle emerging during the early and mid-luteal phase (waves 2 and 3) tended to be larger in non-prolific white-faced than in Finn ewes (wave 2: = 0.06 and wave 3: = 0.09). The mean growth rate of the largest follicles of sequential waves (1.1 ± 0.03 mm day"1) did not differ throughout the oestrous cycle within each breed or between the two breeds studied. The growth phase of large follicles late in the cycle (wave 4) was significantly longer in Western white-faced than in Finn ewes (P < 0.01), and it was longer for wave 4 than for the preceding follicular waves (P < 0.05) in white-faced ewes. The static phase of the follicular lifespan did not vary between the two breeds studied, but the duration of the static phase of wave 1 was significantly longer relative to subsequent waves (waves 2-4) in both white-faced and Finn ewes. The regressing phase of the first follicular wave was longer (P < 0.05) in white-faced sheep than in Finn sheep, and this phase was also longer for wave 1 than for wave 3 in white-faced ewes (P < 0.01). Follicular lifespan decreased significantly from wave 1 to wave 2 and from wave 3 to wave 4 in both breeds under study, and it was longer for wave 1 (P < 0.05) and wave 4 (P < 0.01) in Western white-faced than in Finn ewes. The difference between breeds in the mean lifespan of the largest follicles emerging in mid-cycle (waves 2 and 3) approached significance (wave 2: = 0.09 and wave 3: = 0.07). The duration of interwave intervals did not differ between the two breeds studied, but the interval between the first and the second follicular wave of the cycle in Western white-faced ewes was longer (P < 0.01) than the interwave intervals separating the ensuing waves of large follicle growth.
Adding the data for ewes with three follicular waves to those of ewes with four waves per cycle did not alter any of the statistical trends determined for the groups of whitefaced and Finn ewes with four waves per oestrous cycle. In ewes with three waves per cycle, wave 3 appeared to emerge 2-4 days later than in ewes with four follicular waves per cycle. Therefore, the mean day of emergence of wave 3 averaged day 9 (8.9 ± 0.5) and day 10 (9.7 ±0.6) after ovulation when ewes with three or four waves per cycle were combined, as opposed to day 8 (8.2 ± 0.4) and day 9 Number of waves containing 0(0) 0(0) 1(2) 8 (-) ovulatory follicles 0(0) 0(1) 3(2) 5(-) Mean day of wave emergence 0.2 ±0.3 (0,1) 4.7 ±0.4 (7,7) 8.2 ± 0.4 (11,12) 11.8 ± 0.4 (-,-) 0.S±0.4(2,2) 5.6 ±0.2(7,8) 9.0 ±0.4(11,11) 13.0 ± 0.4 (-,-) Lifespan (days) 11.0 ± 0.7Aa (7,13) 8.2 ± 1.0" (4,7) 7.0 ± 0.6b (5,6) 5.3 ± 0.2Ac (-,-) 8.6 ±0.4^(6,7) 6.0±0.6h(6,6) 5.8 ±0.5"(4,4) 3.8 ±0.4Bc(-,-)
Interwave interval* (days) 4.5 ± 0.2a (7,7) 3.5 ± 0.3b (4,5) 3.5 ± 0.3b (-,-) 4.2 ± 0.2 (5, 6) 3.8 ± 0.4 (4,4) 4.0 ± 0.3 (-, -) For comparison, data for two ewes of each breed that only had three waves of follicle growth per cycle are given in parentheses. Day 0: day of ovulation. Means with different superscripts are significantly different (P < 0.05): "bc within rows;AB within cells. *Number of days between emergence of the wave in that column and emergence of the next sequential wave.
(9.0 ± 0.4) after ovulation when only ewes with four waves per cycle were considered, for white-faced and Finn ewes, respectively.
Growth characteristics ofovulatory and non-ovulatory antral follicles
The comparisons between ovulatory and non-ovulatory antral follicles originating from the last follicular wave of the cycle in white-faced ewes and from the penultimate wave in Finn sheep are shown (Table 2 ). In white-faced ewes, there were no differences in terms of the mean day of emergence or the duration of follicle static phases between ovulatory and non-ovulatory follicles that emerged in the final wave of the interovulatory interval. However, ovulatory follicles were seen to grow over a longer (P < 0.05) period of time and reached considerably greater diameters (P < 0.05) compared with non-ovulatory follicles in this wave. The mean growth rate was higher (P < 0.05) for non-ovulatory than for ovulatory ovarian follicles in the last wave in white-faced ewes. Non-ovulatory follicles that began to grow in the penultimate wave in Finn sheep emerged earlier in the cycle (P < 0.05), grew for a shorter duration (P < 0.05) to smaller maximum diameters (P < 0.05), and had significantly shorter static phases compared with follicles that emerged in the same wave and ovulated subsequently.
Serum concentrations ofLH
When data from all ewes with three or four waves of follicular growth per cycle were included, there was a significant main effect of day (P < 0.01), but not of breed or day-by-breed interaction for mean serum concentrations of LH per day normalized to the day of first ovulation. In both breeds of sheep, serum concentrations of LH increased before ovulation ( < 0.05). Peak values of daily serum concentrations of LH during the luteal phase of the oestrous cycle were only detected in five ewes (three Western whitefaced and two Finn ewes), and so no further analysis was done.
Serum concentrations of FSH
When daily serum FSH concentrations were normalized to the day of first ovulation (day 0) for ewes with four follicle waves per cycle, there was a significant main effect of day (P < 0.01), breed (P < 0.01), and breed-by-day interaction (P < 0.01; Fig. 4a ). Mean daily concentrations of FSH were higher (P < 0.05) in Finn than in white-faced ewes around the day of ovulation, at the beginning and end of the oestrous cycle (days -1, 0 and 16), and on day 7 after ovulation. Distinct increases in mean circulating concentrations of FSH could be seen on days 0, 5 and 16 in Finn and on days 0, 5 and 8 of the oestrous cycle in Western white-faced ewes. The characteristics of the peak values in serum FSH concentrations in blood samples taken each day during the oestrous cycle in Western white-faced and Finn ewes, as determined by the cycle-detection computer program (Clifton and Steiner, 1983), are given (Table 3 ). The peak values of the transient increases in daily serum concentrations of FSH were detected in all ewes studied. The mean numbers of identified peak values in FSH per ewe were 3.7 ± 0.2 and 3.6 ± 0.2 for Western white-faced and Finn ewes, respectively (P > 0.05). Further statistical analyses were limited to ewes with four waves of follicular growth per cycle. The amplitude of FSH peak values occurring early in the cycle was higher in Finn than in Western white-faced ewes (P < 0.05). The duration of the fluctuations in daily serum FSH concentrations did not differ significantly throughout the cycle or between the two breeds of sheep studied (P > 0.05). The mean duration of interpeak intervals for daily serum FSH concentrations did not differ significantly between breeds, but the mean interpeak interval between the first two FSH peak values of the cycle was longer (P < 0.05) than the subsequent interpeak intervals in Western white-faced ewes.
Serum concentrations of oestradiol
There were significant main effects of day and breed (P < 0.01) for daily serum concentrations of oestradiol normalized to the day of first ovulation, but the interaction was not significant. In Western white-faced ewes, the mean concentrations of oestradiol increased significantly from day 0 to day 2 (Fig. 4b ). During the luteal phase, oestradiol concentrations were variable and there was a sharp decrease (P < 0.05) from day 16 to day 17, at the time of the second ovulation of the interovulatory period. In Finn ewes, the oestradiol from blood samples collected during the oestrous cycle of Western white-faced (n = 8; , A) and Finn (n = 5; D, ) ewes with four follicular waves per oestrous cycle. Concentrations of the hormones were normalized to the day of first ovulation of the interovulatory interval studied (day 0). Data for two ewes in each breed that had three follicular waves per cycle are given in parentheses. All mean values are mean ± SEM. Means with different letter superscripts, for each hormone, are significantly different (P < 0.05): AB within cells;ab within rows.
•Number of days between the peak in the indicated column and the next sequential peak. ND: the duration of fluctuations was not determined as complete fluctuations (nadir-to-nadir) were not seen at the beginning and end of the scanning period. mean concentrations of oestradiol increased from day 0 to day 3 after ovulation ( < 0.05), decreased from day 3 to day 8 (P < 0.05), increased again from day 11 to day 15 (P < 0.05) and then decreased to its lowest values on days 16-17 of the oestrous cycle (P < 0.05), around the time of the second observed ovulation of the interovulatory interval. On days 1-5, days 14-15 and day 17 of the cycle, the mean serum concentrations of oestradiol were significantly higher in Finn than in white-faced ewes (P < 0.05).
Peak values in serum oestradiol concentrations were identified in all ewes studied using the cycle-detection program. The mean number of peak values per ewe per oestrous cycle was 3.5 ± 0.2 and 3.4 ± 0.2 for white-faced and Finn ewes, respectively (P > 0.05; Table 3 ). For ewes that had four follicular waves per cycle, the mean peak concentrations of transient increases in serum oestradiol concentrations did not differ throughout the cycle in either breed studied, but were higher in Finn than in white-faced ewes (P < 0.05) for peak values 1, 2 and 4 of the cycle. The average duration of fluctuation and interpeak interval for daily serum concentrations of oestradiol did not differ between the two breeds, or throughout the oestrous cycle within each breed, studied.
Relationship between follicle wave development and serum concentrations of FSH
Ewes with three or four waves of follicular emergence per cycle were included in this analysis. The number of emerging follicular waves and the number of identified FSH peak values per ewe did not differ in both breeds of sheep studied (3.7 ± 0.2 versus 3.8 ±0.1, and 3.6 ±0.2 versus 3.7 ±0.2; FSH peaks versus follicular waves, for Western white-faced and Finn ewes, respectively). The duration of the interval between adjacent days of wave emergence (interwave intervals) was positively correlated with the duration of the interpeak interval for FSH fluctuations (r = 0.76, < 0.01 and r = 0.84, < 0.01, for white-faced and Finn sheep, respectively). The duration of the interpeak interval for FSH concentrations was also correlated with the interval between the emergence (r = 0.72, < 0.01), beginning (r = 0.64, = 0.01) and end (r = 0.63, = 0.01) of the static phase, but not with the end of regression to a 3 mm follicle (r = 0.45, > 0.05), for the largest follicles of waves in Finn ewes. However, in white-faced ewes, the duration of the interpeak interval for FSH was only correlated with the interval between the emergence of the largest follicles of waves (r = 0.73, < 0.01), but not with the interval between the beginning (r = 0.24, > 0.05) and end (r = -0.1, > 0.05) of the follicle static phase, or the end of regression (r = -0.1, > 0.05). All identified FSH peak values occurred from day -1 to day 2 relative to the nearest day of wave emergence (day 0) in Western white-faced ewes, and from day -2 to day 1 in Finn ewes (Fig. 5a ). The highest proportion of FSH peak values occurred on day 0 in white-faced (64.9%, < 0.05) and on day -1 in Finn sheep (43.5%). In Finn sheep, the combined percentage of peaks that occurred on days -1 and 0 (73.9 %) was significantly higher than for the 3 remaining days, before and after the day of wave emergence.
Relationship between follicle wave development and oestradiol secretion
The data for ewes with three or four waves of follicular emergence per cycle were used in this analysis. The number 70 -i (a Days from wave emergence -3 -2-10 1 Days from peak of oestradiol fluctuation Fig. 5 . (a) Relative frequency of the occurrence of peak FSH values (ii = 37 and = 23, for Western white-faced and Finn ewes, respectively), (b) Distribution of days of the beginning of oestradiol fluctuations (n = 36 and = 24, for white-faced and Finn ewes, respectively) within 2 days before and after the day of follicular wave emergence, (c) The percentage of peaks in serum oestradiol concentrations (n = 34 and = 24, for white-faced and Finn ewes, respectively), expressed for the 2 days before and after the end of the growing phase of the largest follicle of a wave, (d) Changes in the diameter of the largest follicles of waves on the day of oestradiol peak ± 2 days. The graphs were compiled from follicular and endocrine data obtained in Western white-faced ( ; = 10) and Finn ewes (D; -7) that underwent ovarian ultrasonography each day during one oestrous cycle in the mid-breeding season (October-December), and had three or four waves of follicular development per cycle.
of identified peaks of oestradiol concentration as well as the number of days on which oestradiol fluctuations began did not differ from the number of emerging follicular waves in either breed of sheep studied (3.5 ± 0.2 versus 3.8 ± 0.1 and 3.4 ± 0.2 versus 3.7 ± 0.2; oestradiol fluctuations versus follicular waves for Western white-faced and Finn ewes, respectively). The duration of the interval between the days on which oestradiol fluctuations began was positively and significantly correlated with the interwave interval in both
Western white-faced and Finn ewes (r = 0.42, < 0.05 and r = 0.53, < 0.05, for white-faced and Finn ewes, respectively).
When the correlations above were done for days of emergence of the largest follicles of sequential waves, the correlation coefficients were r = 0.42, < 0.05 and r = 0.73, < 0.01, for white-faced and Finn ewes, respectively. In both breeds, the interval between the onset of oestradiol fluctuations was also significantly correlated with the interval between the ends of the follicle growing phases (r = 0.38, < 0.05 and r = 0.83, < 0.01, for white-faced and Finn ewes, respectively), but not with the interval between the end of the static phase and the day of regression to 3 mm in diameter (r = -0.02, > 0.05 and r = 0.26, > 0.05, and r = 0.21, > 0.05 and r = 0.09, > 0.05, for the end of the static phase and the day of regression, for white-faced or Finn ewes, respectively). The proportion of oestradiol fluctuations that began on the day of the emergence of sequential waves was 52.8% (P < 0.05) in Western white-faced and 45.8% (P < 0.05) in Finn ewes (Fig. 5b ).
In both Western white-faced and Finn ewes, the interval between adjacent peaks of oestradiol increases was strongly and positively correlated with the interwave interval (r = 0.89, < 0.01 and r = 0.67, < 0.01, respectively), the interval between the days of emergence of the largest follicles (r = 0.93, < 0.01 and r = 0.79, < 0.01, respectively), and the interval between the ends of the follicle growing phases (r = 0.49, < 0.01 and r = 0.83, < 0.01, respectively). In addition, there was a significant correlation between the interval between the ends of static phases and the interpeak interval for oestradiol concentration in Finn (r = 0.66, < 0.01), but not in white-faced ewes (r = -0.05, > 0.05), and there was no correlation between the interpeak interval and the day of the largest follicle regression to 3 mm (r = -0.03, > 0.05 and r = -0.12, > 0.05, for Western white-faced and Finn ewes, respectively). An analysis of the frequency and distribution of the oestradiol peaks within 2 days before and after the end of follicle growing phases revealed that most peak values (85.2%, < 0.05 and 87.5%, < 0.05, for Western white-faced and Finn sheep, respectively) occurred 1 day before and on the day that the largest follicles of waves reached their maximum size (Fig. 5c,d ).
Discussion
Previous studies on ovarian follicle dynamics done at slaughter led to contrasting conclusions that follicular growth was either continuous (Hutchinson and Robertson, 1966) or that there were two (Brand and de Jong, 1973) or three (Smeaton and Robertson, 1971) phases of large antral follicle development during the oestrous cycle in ewes. On the basis of studies using ink marking of follicles, waves of follicles were suggested (Driancourt, 1991) . Ultrasound scanning studies revealed that the growth of ovarian follicles from a pool of 2 mm follicles could be seen on most days of the interovulatory interval in ewes, with peaks occurring on days 2 and 11 of the cycle (Ravindra et al, 1993) . Using laparoscopy, Noel et al (1993) reported three waves of follicles during the cycle but other studies failed to show a wave-like pattern (Schrick et al, 1993; Landau et al, 1996) . Ginther et al. (1995) used ultrasound imaging of ovaries in cyclic Polypay ewes and noted that follicles only reaching 3 or 4 mm in diameter did not exhibit an organized pattern of growth and demise, but that 3 mm follicles began to grow to > 5 mm approximately every 5 days during the interovulatory interval. The present data obtained in two breeds of sheep with different ovulation rates, strongly support the conclusion that the development of ovarian follicles reaching an ovulatory size occurs in an orderly succession during the oestrous cycle in ewes and that this phenomenon is apparently not influenced by differences in prolificacy. Ginther et al (1995) reported that the 8% of interovulatory intervals had three waves, 58% had four waves and 34% had five or six waves. Three waves of follicular development were recorded mainly during short interovulatory intervals (9-14 days) that occurred towards the end of the breeding season, and five or six waves occurred during prolonged interovulatory intervals (22-24 days). As the duration of the ovine oestrous cycle in the breeding season is remarkably consistent (17 ± 1 day; Goodman, 1994) and there is little effect of breed and age (Hafez, 1952) , the abnormally long interovulatory intervals (23 days each) seen in two Western white-faced ewes in the present study (Fig. Id) probably reflect aberrant hormonal control of the oestrous cycle. In the remaining ewes of both breeds, the majority of interovulatory intervals (76.5%; 13/17) were associated with the emergence of four follicular waves. On the basis of this and previous observations in Polypay ewes (Ginther et al, 1995) , it is concluded that, during the normal oestrous cycle in the ewe, if follicular waves are identified, there are typically four waves of large antral follicle growth. However, on the basis of the results of Ravindra et al (1993) and Noel et al. (1993) , three waves may be the consistent pattern in some ewes.
In cyclic Polypay ewes, sequential follicular waves emerged, on average, on days 0, 5, 9 and 14 of the oestrous cycle (day 0 = day of ovulation; Ginther et al, 1995) . In the present study, the mean days of wave emergence (follicles growing from 3 to > 5 mm in diameter) were days 0, 5, 9 and 12 for Western white-faced ewes or days 1, 6, 10 and 13 for Finn sheep. This breed difference is difficult to explain but, in Finn ewes, follicles achieve smaller maximum sizes, so all phases of follicular development, including follicle recruitment, may occur with smaller follicles than they do in white-faced ewes. If recruitment into the waves occurred on set days of the cycle recruited follicles would be at a smaller follicle diameter in Finn ewes on each day of recruitment.
This would mean that follicles in Finn ewes would reach the arbitrary follicle size (3 mm) at which emergence was defined in the present study later than they would in Western white-faced ewes. Previous studies of follicular dynamics in prolific and non-prolific genotypes of ewes indicated that follicles attained maturity at a smaller diameter in prolific animals (Scaramuzzi and Radford, 1983; Webb and Gauld, 1985; Driancourt et al, 1986; Souza et al, 1997 ). In addition, ovulatory follicles in ewes can be recruited from a wide range of sizes (Tsonis et al, 1984) . It is likely that there are differences among breeds of sheep with different ovulation rates in terms of the size of follicles that acquire the ability to respond to hormonal stimuli and grow to the peri¬ ovulatory size during the oestrous cycle.
In a study in cyclic white-faced ewes (Ravindra et al, 1993) , the ovulatory follicle that began to grow from 2 mm in diameter at about day 11 of the cycle grew to a significantly larger size and over a longer duration than did any other follicle during the oestrous cycle. In addition, the rate at which the ovulatory follicle grew was significantly higher than that for large antral follicles emerging during the early period of the cycle (around day 2). In the present study, ovulatory follicles (wave 4) only reached greater maximum diameters when compared with the largest non-ovulatory follicles within the same wave, but not when compared with the largest non-ovulatory follicles of other waves.
In the present study, in Western white-faced ewes, the duration of follicular lifespan was greater for follicles that emerged during the early period of the oestrous cycle than for those that emerged during subsequent follicular waves, including waves containing non-ovulatory follicles that emerged during the luteal phase. A similar trend was observed in the prolific Finn sheep. The longer lifespan of the first follicular wave of the cycle was due primarily to the longer static phase. The longer follicular lifespan in Western white-faced compared with Finn sheep may be due, in part, to the larger maximum diameter attained by the ovarian follicles in the white-faced ewes. Growth rates did not differ between the two breeds, but the duration of the growing and regression phases tended to be longer in Western white-faced ewes. However, the reason for the marked decrease in the duration of the static phase between the first and the next two follicular waves of the oestrous cycle in ewes is not clear. The extended static phase of follicles growing early in the cycle may reflect the presence of developing or non-fully functional luteal structures; follicles growing in the mid¬ luteal phase may have a shorter static phase because of decreased gonadotrophic support under progesterone dominance. The effects of progesterone dominance on gonadotrophic support were also reflected in the shorter interwave intervals seen during the luteal phase in both breeds of ewe. Johnson et al (1996) reported that creation of lower than normal serum concentrations of progesterone (< 1 ng ml-1) in ewes resulted in larger follicles than normal. However, prolific Finn ewes had smaller shorter-lived follicles compared with Western white-faced ewes, even though their serum progesterone concentrations were lower (PM Bartlewski, AP Beard and NC Rawlings, unpublished).
The proportion of ovulatory antral follicles that began growing in the penultimate wave of follicular emergence during the oestrous cycle in Finn sheep was 50%. All these follicles were maintained and ovulated along with follicles that emerged after the onset of luteolysis (around day 13 of the cycle). Clearly, large antral follicles are maintained in prolific Finn ewes towards the end of the cycle and, added to the ovulatory follicles emerging just before ovulation, give a higher ovulation rate compared with white-faced ewes. The potential effect of follicular rescue from regression by pregnant mares' serum gonadotrophin has been demonstrated in vitro in sheep (Hay and Moor, 1977) and cattle (Monniaux et al, 1984) . In Finn sheep, the ovulatory follicles originating from the penultimate wave appeared to emerge approximately 48 h later than non-ovulatory follicles in the same wave. Therefore, it is likely that regression of these follicles in Finn ewes was prevented by the next increase in serum concentrations of FSH. Ovulation of ovarian follicles that began to grow to > 5 mm in diameter before day 10 of the cycle in Western white-faced ewes was sporadic (one out of ten animals) and a proportion (22.7%) of all antral follicles that emerged in the last follicular wave in white-faced ewes became atretic and did not ovulate, compared with 100% ovulation of follicles in this wave in Finn ewes. This finding may be attributed to lower circulating concentrations of FSH just before ovulation in Western white-faced than in Finn ewes. However, there is no agreement as to whether increased ovulation rate in sheep is caused by increased secretion of FSH (Scaramuzzi et al, 1993; Campbell et al, 1995; Fry and Driancourt, 1996; Avdi et al, 1997; Souza et al, 1997) . Differences in LH pulsatility during the follicular phase may also be important (Scaramuzzi et al, 1993) but this was not assessed in the present study. In cattle (Pierson and Ginther, 1988; Ginther et al, 1989) , goats (Ginther and Kot, 1994) and sheep (Ravindra et al, 1993; Ginther et al, 1995) , the follicles that ovulated at the end of a normal cycle originated from the last wave of the cycle but, in Finn ewes, ovulatory follicles can originate not only from the last follicular wave of the oestrous cycle but also from the previous wave. Landau et al (1996) concluded that, with increased ovulation rate, the time width for recruitment of ovulatory follicles increases. This mechanism for increasing ovulation rate was suggested by Scaramuzzi et al (1993) .
Analysis of mean daily concentrations of FSH and oestradiol for groups of ewes did not permit the detection of distinct fluctuations in serum concentrations of hormones, as the timing, duration and amplitude of these increases varied among ewes, particularly during the luteal phase. The occurrence of peak values of FSH (Ginther et al, 1995) and oestradiol concentrations was only revealed using a statistical technique based on the assessment of daily concentrations of the hormones in individual animals (Clifton and Steiner, 1983) .
The data from the present study confirm the existence of a close temporal relationship between transient increases in circulating concentrations of FSH and follicular growth to peri-ovulatory sizes (follicles growing from 3 to > 5 mm in diameter) throughout the oestrous cycle in Western whitefaced and Finn ewes, and indicate that differences in prolificacy do not influence this pattern of follicle emergence. In Western white-faced ewes, the periodicity of fluctuations in daily FSH concentrations was correlated with the emergence of the largest follicle, but later stages of the lifespan of individual follicles were not associated with the occurrence of peak FSH concentrations. In Finn ewes, there was a significant correlation between increases in daily FSH concentration and days of emergence, days on which the static phases commenced, and days on which the static phases of the largest follicle ended. In both breeds studied, there was a tight clustering of days on which FSH peak values were detected around the days of follicle wave emergence. On the basis of these results, it is suggested that rhythmically generated increases in serum FSH concentrations may induce the growth of large follicles or maintain follicles during the static phase, but that follicular demise is independent of the periodicity of FSH secretion. Moreover, as LH secretion is considerably suppressed during the luteal phase of the oestrous cycle (Karsh et al, 1980) , the present data confirm that FSH is the primary gonadotrophin that stimulates ovarian antral follicle development up to peri-ovulatory size in cyclic ewes (McNeilly et al, 1991) .
At any stage of the ovine oestrous cycle, the largest nonatretic ovarian follicles are the main source of oestradiol (Bjersing et al, 1972) . A peak value of oestradiol has been shown to occur on the day preceding ovulation (Scaramuzzi et al, 1970; Cox et al, 1971 ), but also during mid-cycle, on days 3-4 (Cox et al, 1971 ) and days 6-9 (Scaramuzzi et al, 1970; Mattner and Braden, 1972) , suggesting that there are periods of increased oestradiol secretion throughout the oestrous cycle in ewes (Campbell et al, 1995) . Considerable variability among ewes in the production of oestradiol during the luteal phase has been noted by Baird (1978) . In the present study, using the cycle-detection program, peaks in daily serum concentration of oestradiol were identified that appeared to coincide with the culmination of the growth of the largest ovarian follicles, in all ewes. This finding confirms the observations of Souza et al (1997) . There was a temporal relationship between the beginning of consecutive oestradiol fluctuations and the day of follicular wave emergence (follicles growing from 3 to > 5 mm in diameter). These results imply that the largest antral follicles (growing from 3 to > 5 mm in diameter) are capable of producing significant amounts of oestradiol at different stages of the sheep oestrous cycle. Therefore, the peri-ovulatory pattern of gonadotrophin release is not critical for the establishment of oestradiol production by the large antral follicles in cyclic ewes. In addition, the net production of oestradiol was significantly higher for most of the cycle in the prolific Finn ewes than it was in the non-prolific white-faced ewes, despite a lack of significant differences in serum concentrations of gonadotrophic hormones, except for FSH, during the peri-ovulatory stage of the cycle. However, more frequent sampling may reveal differences. On the basis of the results of previous studies (Driancourt, 1991) , it was concluded that increased ovulation rate resulted in decreased oestradiol production from follicles due to decreased granulosa cell numbers. However, found that oestradiol production from granulosa cells was higher in Finn ewes selected for ovulation rate than in Finn ewes with lower ovulation rates. Serum concentrations of oestradiol in some Western white-faced ewes, but not in Finn sheep, were lower than the assay sensitivity on many days (1 pg ml·1, Fig. lb) and, in some of these ewes, luteinization of large follicles was detected by ultrasonography (PM Bartlewski, AP Beard and NC Rawlings, unpublished). On the basis of this observation, it is suggested that ovarian follicles in ewes of different genotypes differ in their physiological properties and responsiveness to FSH and LH. The nature of these divergent patterns of follicular secretion and morphology remains to be elucidated.
In summary, the growth of ovine antral follicles reaching ovulatory sizes exhibits a distinct wave-like pattern throughout the oestrous cycle in both prolific and nonprolific genotypes of sheep. Ovarian follicular emergence from the pool of 3 mm follicles and the initial stages of the growth of the largest follicles appear to be controlled primarily by increases in FSH secretion. The largest ovarian follicles acquire the ability to produce large amounts of oestradiol from the day of emergence (beginning of growth from 3 to > 5 m in diameter) and a peak value of oestradiol release occurs about the time they reach their maximum diameter. The higher ovulation rate in the prolific Finn ewes appears to be due to the maintenance of follicles emerging in the penultimate follicular wave and their addition to ovulatory follicles emerging in the last wave of the interovulatory interval. The dissimilar patterns of ovulatory follicular recruitment in prolific Finn and non-prolific Western white-faced sheep may be caused by differences in circulating concentrations of FSH, but may also reflect different intrinsic properties of ovarian antral follicles.
